Iron is essential for the growth of nearly all bacteria. However, the limited solubility of iron(III) in aqueous aerobic environments means iron is not readily available for many microbes.
For marine bacteria, the challenge in obtaining enough iron for growth is exacerbated because of the low concentration of iron throughout much of the world's oceans. [1] [2] [3] [4] [5] Most bacteria are thought to require micromolar concentrations of iron for growth, while the sea water iron concentration is simultaneously less than micromolar. [1] [2] [3] [4] [5] Many microbes have evolved multiple strategies to obtain iron from their surroundings, one of which is the production of siderophores. 6, 7 Siderophores are low molecular weight iron(III) chelators which solubilize and transport iron(III) into the cell. 6, 7 The marine environment is subject to contamination by organic pollutants from a variety of sources. 8, 9 Crude oil is a substantial organic pollutant in marine environments. 8, 9 Fortunately, a significant portion of oil in the marine environment is eliminated by the hydrocarbon-degrading activities of different organisms, including bacteria. 8, 9 The rate of microbial biodegradation is influenced by the availability of nutrients; specifically nitrogen, phosphorus, and iron. 10, 11 Siderophores may play a role in biodegradation by facilitating acquisition of iron, a limiting nutrient in the ocean, as well as in other environments. 12, 13 While adding iron to a hydrocarbon-degrading bacterial culture can stimulate the biodegradation rate, 14, 15 the mechanisms of iron acquisition by these microbes have not been well studied. Siderophore production by the oil-degrading Marinobacter hydrocarbonoclasticus was investigated, and it was found to produce petrobactin, a bis-catecholate, -hydroxy siderophore. 16, 17 As a result of the -hydroxy carboxylate group, the Fe(III)-complex of petrobactin is photoreactive in natural sunlight. 16, 17 Recently, a Vibrio species isolated from the 4 These Gulf of Mexico after the BP oil spill was found to produce the suite of amphiphilic ochrobactins-OH siderophores, which are also photoreactive when complexed to Fe(III). 18 We report the structural characterization and iron(III) binding properties of lystabactin A, B 19 Bacterial growth was determined by measuring the optical density of the culture at 600 nm. Pseudoalteromonas sp. S2B was able to grow in an oil-supplemented medium, reaching stationary phase after around four days ( Figure S1 ), demonstrating that the strain is able to use crude oil as the sole source of carbon.
For siderophore isolation, Pseudoalteromonas sp. S2B was grown in a low iron artificial seawater medium. The siderophores were isolated from the supernatant using solid-phase extraction followed by RP-HPLC. Siderophores were identified using the chrome azurol S Figure 3 ). The determination of the amino acid configuration of 1 was conducted by derivatization with FDAA, 23 following reductive hydrolysis using 55% HI. 24 The (Table S2 ). The HMBC correlation between the -hydrogens of serine and the carbonyl of L-FOHOrn (position 29) of lystabactin B (2) confirmed the serine ester ( Figure S10 ). In addition, the fragmentation pattern in the ESIMS/MS spectrum of 2 is much more complex than 1, which is commonly observed for cyclic peptides ( Figure   S11 ). These observations indicate that the serine side chain of lystabactin B (2) (Table S3) . In lystabactin C (3), the terminal FOHOrn residue is methylated resulting in a 15 mass unit increase as compared to lystabactin A (1). It is uncertain whether this compound is a true natural product or an artifact of the workup.
Potentiometric Titration of Lystabactin A (1) and B (2)
A potentiometric titration was carried out to determine the protonation constants of lystabactins A (1) and B (2). The ligand protonation constants of lystabactin A (1) were determined from the nonlinear refinement of the data and are given in Table 2 . Similar to other catecholate siderophores, this method did not allow for the determination of the highest protonation (the meta-hydroxy of the catechol) of both compounds. [25] [26] [27] As an estimation, the first deprotonation constant of N,N-dimethyl-2,3-dihydroxybenzamide (DMB), determined previously as log K 1 = 12.1, 28 was used throughout this study. The experimentally determined protonation constants were assigned based on comparison with similar compounds. The second and third protonation constants, 9.87(7) and 9.59(5), are in the normal range for hydroxamic acids (pKa = 8-10), [29] [30] [31] [32] and were assigned to the two hydroxamate moieties. The fourth protonation constant, 8.23 (1) is assigned to the deprotonation of the primary amine in LySta.
While this value is lower than expected, it is hypothesized that the multiple charged functionalities in the molecule contribute to this increased acidity. The fifth protonation constant, 6.8(1), is assigned to the ortho-catechol proton. By comparison, the pKa values for the three ortho-catechol protons of the tris-catechol siderophore, enterobactin, are 6.0, 7.5 and 8.55. 25 The increased acidity of the ortho group as compared to the meta-hydroxy group is due to conjugation of the ortho-hydroxy with the amide carbonyl. 33, 34 The lowest protonation constant, 3.4(1), is assigned to the carboxylic acid. The pKas determined for lystabactin B (2) are very similar to the values determined for lystabactin A (1), with the exception of the absence of the carboxylic acid (Table 3) . Distribution diagrams and the potentiometric titration curves are shown in Supporting Information (Figures S17 and S18). 
Iron Binding Properties of Lystabactin A (1) and B (2)
Siderophores are characterized by their high Fe(III) specificity and stability constants, enabling the producing microbe to obtain iron from a variety of environmental sources. The overall equilibrium reaction for the formation of FeIII-siderophore complexes is described by equation (1) and the corresponding equilibrium constant is defined by equation (2) . In this definition, the siderophore is completely deprotonated, resulting in a proton independent stability constant.
However, because siderophores have such a high affinity for ferric iron, it is difficult to directly measure the equilibrium constant of the complex formation. An approach based on the competition with EDTA, followed spectrophotometrically, allows the indirect determination of the complex stability constant. 35 At pH 5.5, it is possible to set up a measureable competition between the siderophore and EDTA for iron(III). This EDTA competition equilibrium is described by equations (3) and (4). and S22). The other species in equation 2 were calculated from mass balance. To calculate the proton independent formation constant, it is necessary to correct the free ligand concentration to that of the fully deprotonated form using the appropriate  function, calculated from the protonation constants of the ligand. 31, 36, 37 Using the four required protonation constants, log values of the overall proton independent stability constants were determined to be 34.4(4) for lystabactin A (1) and 35.8(7) for lystabactin B (2). Using these parameters, the pFe of lystabactin A (1) and lystabactin B (2) have been calculated to be 26.0 and 27.5, respectively. The pFe values for 1 and 2 are consistent with mixed bishydroxamate, mono-catecholate ligation, harboring increased iron(III) stability compared to the tris-hydroxamate siderophore, desferrioxamine B, due to the contribution of the catecholate group, while less stable than the tris-catecholate siderophore, enterobactin (Table 4) . In conclusion, we present the structure and iron binding properties of the lystabactins respectively. [40] [41] [42] All three sets of siderophores contain the non-proteinogenic -amino acid, LySta. The configuration of the LySta moiety in the lystabactins is 3S-hydroxy, 4S-amino, while the configuration of the LySta moiety in alterobactin A and B was determined to be 3R-hydroxy, 4S-amino. 40, 42 The configuration of LySta in pseudoalterobactin A and B was not determined. 41 The (3S-hydroxy, 4S-amino)-LySta isomer has been chemically synthesized and incorporated into a tetrapeptide and shown to act as an aspartic protease inhibitor. 43 To our knowledge, the lystabactins are the first examples of natural products containing (3S,4S)-LySta. The inclusion of non-proteinogenic amino acids into these siderophores suggests a nonribosomal origin of biosynthesis and studies detailing the biosynthesis of 1 and 2 are now underway. Phylogenetic Analysis. Genomic DNA was isolated using the chloroform:phenol:isoamyl alcohol extraction procedure from cells grown in 5 mL marine broth cultures. 44 The 16S rRNA genes were PCR amplified in 50 l reaction mixures with the universal primers 27F and 1492R. 45 Cycling conditions were as follows: initial denaturation at 90 C for 3 min, 35 cycles of 94 C for 30 s, 55 C for 1 min, and 72 C for 100 s, and a final extension of 10 min at 72 C.
Experimental
PCR products were visualized on a 1% (wt/vol) agarose gel stained with ethidium bromide,
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revealing the presence of only one band at 1500 bp. PCR products were cloned with a TOPO TA cloning kit according to the manufacturer's instructions (Invitrogen). Plasmids were purified using PureLink Quick Plasmid Miniprep Kit (Invitrogen) and checked for inserts by digestion with Eco R1 restriction endonuclease. Samples were sequenced using M13 forward and reverse primers (UC Berkeley DNA Sequencing Facility). The sequence (Genbank accession number KC_517483) was compared to those in databases using the Basic Local Alignment Tool (BLAST) algorithm to identify sequences with a high degree of similarity. HMBC Spectra of 1-3, tabulated NMR data for 2 and 3 ESIMS/MS spectra of 2 and 3.
